Introduction
The National Academy of Medicine (NAM) has prioritized the use of clinical and administrative health care data as a core utility for a continuously learning health system 1 and for advancing the health and health care of Americans. There is increasing acceptance that sharing data constitutes a key strategy for continuous and real-time improvement in the eff ectiveness and efficiency of patient care and for the enhancement of research transparency and reproducibility [1] . "Individual patient-level data (IPD) 2 sharing" refers to "widespread, third-party access to the IPD and associated documentation from clinical trials" to achieve broad societal and scientifi c benefi ts [2] . 1 The "Learning Health System" is a system in which science, informatics, incentives, and culture are aligned for continuous improvement and innovation, with best practices seamlessly embedded in the care process, patients and families as active participants in all elements, and new knowledge captured as an integral by-product of the care experience. SOURCE: Institute of Medicine. 2013. Best care at lower cost: The path to continuously learning health care in America. Washington, DC: The National Academies Press. 2 This includes individual patient-level data (e.g., raw data or an analyzable dataset); metadata, or "data about the data" (e.g., protocol, statistical analysis plan, and analytic code); and summary-level data (e.g., summary-level results posted on registries, lay summaries, publications, and clinical study reports).
Analyses of existing IPD may lead to a better understanding of current evidence, the generation of new information to support informed health care decision making, and improved transparency of original research fi ndings, which, in turn, may enhance data integrity and public confi dence in the overall clinical trial enterprise [3, 4, 5] . Public registration of key study details at study inception and the reporting of summary results through platforms such as ClinicalTrials.gov and other registries in the World Health Organization International Clinical Trials Registry Platform have already improved clinical research transparency. IPD sharing represents the next step in facilitating the transformation of raw study data to the aggregated data that form the basis of statistical analyses and reported results [2] . Making IPD and associated metadata available after study completion for clinical trials and observational studies can benefi t the research community by enhancing transparency and enabling careful examination of the data and methods used by the primary research team (e.g., as demonstrated in Box 3), which is important, given ongoing concerns about the reproducibility of research studies [6] . Although industry has diff erent incentives and concerns from academia, for academic investigators, the benefi ts of data shar-the design of an original study; structuring data and metadata using widely recognized standards; managing repository data and access; and monitoring data sharing [9, 12] . Finally, the responsible sharing of clinical trial data was also the focus of a 2015 Institute of Medicine (now NAM) report, Sharing Clinical Trial Data: Maximizing Benefi ts, Minimizing Risk, that off ers guiding principles for responsible data sharing and describes the benefi ts, risks, and challenges for a variety of stakeholders, including participants, sponsors, regulators, investigators, research institutions, journals, and professional societies [8] .
The present paper aims to describe strategies for addressing outstanding challenges to IPD sharing that were identifi ed through a collaborative eff ort facilitated by the NAM and through a review of relevant literature and selected IPD repositories. It builds on previous eff orts by providing specifi c case examples of IPD sharing eff orts (several of which are being led by members of the author group), focusing specifi cally on issues of greatest relevance to the US context and considering data from both commercial and noncommercial sources. While the authors present multiple viewpoints on how best to share IPD, all believe that important scientifi c contributions may be derived from leveraging previously acquired data for additional research and analysis.
The NAM Collaboration
To discuss the outstanding questions related to IPD sharing, the NAM hosted a meeting of the Clinical Effectiveness Research Innovation Collaborative in November 2016. During the discussion, meeting participants called for a more substantial and strategic focus on how to facilitate IPD sharing eff ectively, effi ciently, and ethically. To address this charge, the authors of this paper have collected examples and drawn from their personal experiences to develop a set of actionable steps that may help promote responsible and widespread sharing of IPD from clinical trials that involve participants from the United States. We also identify the stakeholders responsible for each of the identifi ed action steps.
Our paper does not describe all possible benefi ts and harms that may be associated with IPD sharing initiatives, nor does it include all possible fi nancial considerations. Instead, the purpose is to create a policy and practice agenda that could lead to more robust and evidence-based IPD sharing eff orts within the United States. Enhancing continuous learning from further analyses and the study of original data, without additional risk to patients and with maximum benefi t for society, requires work, resources, culture change, and collaboration. To promote the necessary changes, we focus on operationalizing Recommendations 1, 3, and 4 of the NAM Sharing Clinical Trial Data: Maximizing Benefi ts, Minimizing Risk publication: developing a data-sharing culture; implementing operational strategies to maximize benefi ts and minimize risks; and addressing infrastructure, technological, sustainability, and workforce challenges associated with IPD sharing [8] .
Examples of IPD Sharing Initiatives
Over the past decade, there has been meaningful progress in activities, regulation, and practices associated with IPD sharing. Several governmental and nongovernmental agencies have either developed or are in the process of developing guidance related to IPD sharing, clinical study reports, summary results, and trial registration (e.g., the European Medicines Agency [EMA], ICMJE, the National Institutes of Health [NIH], the US Department of Veterans Aff airs, the US Food and Drug Administration [FDA] , and the World Health Organization) [19, 20, 21, 22, 23, 24, 25, 26, 27, 28] . Broader policy changes have also emerged. For example, the European Union's General Data Protection Regulation regarding individual data privacy and accountability may have consequences for clinical research and patient care [29] . Many pharmaceutical companies have also established their own policies for IPD sharing [30] , and data sharing is encouraged and incentivized through Governance structure: This initiative is overseen by an independent steering committee, which includes researchers, editors, ethicists, and members of the public. The names of the steering committee members, all decisions made, and all submitted research proposals which pre-specify the project plan are publicly posted. All requests are reviewed by the YODA Project for completeness and scientifi c merit; external review is used to assess scientifi c merit on a case-by-case basis. If approved, all data users must sign an institutional data use agreement (DUA) that explicitly precludes re-identifi cation and data distribution.
Factors facilitating sharing:
Factors include: (1) transparency and accessibility, including metadata and documentation, such as trial enrollment and study demographics for subgroup analysis; (2) YODA Project independence, including maintenance of full authority over data requests; (3) sponsor entitlement to exclusive data use after trial completion for up to 18 months; (4) the absence of data access fees; and (5) employment of DUA and data security measures to protect patient privacy.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include: (1) establishing a transparent platform to support data sharing, including a trial request system and associated metadata; (2) responding to data queries; (3) sponsoring data de-identifi cation and metadata preparation for external sharing; and (4) having the external user time, resources, and expertise needed to perform data analysis and prepare the fi ndings for publication. Other factors aff ecting the timeliness of responses to data queries include institutional review and negotiation of DUAs.
Impact:
Over 115 data requests have been received across all sponsors, all of which have been approved (provided the requested data were available) as of May 2019 and a majority of which were for multiple trials. Eighteen publications and 25 conference presentations have resulted from shared data thus far. various federal regulatory and funding agencies and publication bodies. While the requirements of these policies do not always directly align, they are important steps in IPD data sharing.
Additionally, several public funders and private companies-particularly some pharmaceutical and medical device companies that sponsor and conduct clinical trials-have established data repositories for secondary use and analysis [31, 32, 33, 34, 35, 36, 37] . Since eff ective clinical trial IPD sharing requires maintenance of and adequate support for data repositories, we examined six case studies of established repositories that have navigated obstacles to creating an infrastructure, developed operational strategies to maximize benefi t and minimize risk, and contributed to growing a data-sharing culture. 4 We described each system's governance structure, factors facilitating sharing, factors aff ecting cost and timeliness, and impact to date (see Boxes 1-6 and Table 1 Of these six cases, a few were included because of the authors' detailed knowledge regarding these efforts, and others were added because of the availability of information on their development and procedures. The six cases were also selected because they diff er in several important ways related to governance, data access models, data availability, and data type. For example, some are administered by public sector organizations and include data from publicly funded studies, whereas others are administered by groups of private sector organizations or public-private partnerships and include data from industry studies. Some use open-access data-sharing models, in which there is minimal review of data requests, while others rely on controlled access models, which use in-house or third-party expert review of data requests to provide greater protection for patients and data sponsors Governance structure: Submitted data requests must be approved by Duke and reviewed by the institutional review board (IRB) established and compensated through a collaboration with Bristol-Myers Squibb. Proposals are evaluated on their scientifi c rationale and analysis plans. If approved, all users must sign an institutional data use agreement.
Factors facilitating sharing:
Factors include (1) strong data security protections, including de-identifi cation; (2) IRB oversight; and (3) contracting procedures.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include (1) preparing and documenting DukeCath data extraction from the Duke Databank for Cardiovascular Disease, (2) establishing a data enclave, and (3) creating a "clean" and de-identifi ed copy of the datasets.
Impact:
This initiative has resulted in expanded investigator networks and collaboration, as well as enhanced awareness. To date, 57 data requests have been received, of which 22 have been approved and one has resulted in a publication.
SOURCE:
Developed by authors. Description of case example sourced from author experience and from: Duke Clinical Research Institute. 2018. SOAR data: Available datasets: Duke cardiac catheterization datasets. https://dcri.org/our-approach/data-sharing/soar-data (accessed June 13, 2019). [38, 39] . Some off er data contributors the opportunity to review data requests for potential confl icts in terms of their publication plans, whereas others off er data users broad access to all available data.
The approaches these repositories take to collecting and accessing IPD vary. AACR's GENIE consists of voluntarily contributed data that are required to meet criteria related to quality and comprehensiveness, and must include at least 500 genomic records. The YODA Project and SOAR largely rely on robust partnerships among a small group of academic and industry data holders. Across repositories, IPD are required to be de-identifi ed in a manner that is consistent with the Health Insurance Portability and Accountability Act and shared in a manner that is consistent with participants' informed consent in cases in which the data were not de-identifi ed.
For example, NHLBI's BioLINCC repository, which includes data from NHLBI-funded studies, requires those contributing IPD to specify whether their data were collected with broad, unrestricted consent or tiered consent, and limits secondary uses in a manner that is consistent with consent restrictions (e.g., data can only be used for research on certain topics). BioLINCC also requires that data from funded contracts and large grants be made available within two years after the publication of primary outcome data, with additional rules for observational studies [40] . BioLINCC's historical development, described by Giff en et al. and Coady and Wagner [40, 41] , demonstrates the complex decisions underlying IPD repositories. BioLINCC's development entailed organizing existing data; assessing its quality; developing documentation for preparing, submitting, and requesting datasets; and developing workfl ows for data requests and review processes [40, 41] .
Coady et al. describe the use and publication record of BioLINCC. From January 2000 to May 2016, the repository received 1,116 data requests for 100 clinical studies [32] . Five years after the data request, 35 Description: The NHLBI Data Repository-which, together with the NHLBI Biological Specimen Repository, is overseen by BioLINCC-aims to facilitate access to, and maximize the scientifi c value of, individual patient-level data from grants of high programmatic interest, or those with 500 or more participants and direct costs exceeding $500,000. Funding for BioLINCC is $1 million per year.
Governance structure: Submitted data requests are reviewed by the NHLBI institutional review board. NHLBI program offi cers oversee contractor activities, approve data requests, facilitate studies and contractor interactions, review and approve new study collections, and provide support for the resolution of issues and future directions.
Factors facilitating sharing:
Factors include (1) the NHLBI's acceptance of data in any format in which it was collected, (2) study investigators' entitlement to 24 months of exclusive data use after trial completion, and (3) minimal burdens on investigators depositing data.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include (1) maintaining the website and enhancing the portal, (2) reviewing and cleaning submitted data, (3) de-identifying data and preparing documents, (4) managing the process of requesting data, and (5) assisting investigators with data questions and responding to other queries. Other factors include contacting researchers for appropriate biospecimens to link them with associated clinical data.
Impact: About 200 data requests were processed in 2016, and about 1,000 investigators requested data from the repository. Over 800 publications have resulted from the repository data, and data requests have doubled every fi ve years since its initiation. The data repository has resulted in new scientists being trained, expanded investigator collaborations, and enhanced transparency. percent of studies that reused clinical trial data and 48 percent of studies that reused observational data were published [32] . A survey of investigators who had received data from BioLINCC indicated that due to time or fi nancial resources, it was not practical to collect data of similar size and scope as those originally collected via NIH-supported work and made available through BioLINCC [42] . An analysis of data reuse requests to the YODA Project, SOAR, and CSDR indicated that between 2013 and 2015, 234 proposals were submitted [43] . For the YODA project, the vast majority of investigators requesting data (91.5 percent) are from academic institutions [44] . Although data request and data use statistics are useful indicators of IPD sharing, additional data are needed to better understand how instances of IPD sharing directly enhance patient care and quality improvement. Studies of data requests from BioLINCC suggest that investigators use data for novel research questions (72 percent), meta-analyses (7 percent), or pilot studies (9 percent); relatively few requested data for reanalysis [30, 40] . These studies have also demonstrated that BioLINCC is most used by early stage investigators or trainees, which suggests "a potential role for repositories in the development of new trialists and epidemiologists" [32] .
While growth in the use of clinical data repositories is promising, an important challenge for these repositories is the curation of the data, including data provenance, data formatting, and metadata quality [45] . The FDA has issued several guidance documents on data formats, metadata requirements, and related in- Sponsors check for feasibility and potential confl icts with the sponsor and/or funder's publication plan. After these preliminary reviews, the proposal is sent to the independent review panel for a full review. The panel assesses each proposal's scientifi c rationale, research plan, qualifi cations, potential confl icts, and publication plan. Upon approval, investigators must agree to a data-sharing agreement.
Factors facilitating sharing:
Factors include (1) researchers' ability to select studies from multiple sponsors and across diseases in a single proposal, (2) researchers' ability to access data via an online SAS analytics portal, (3) data sponsors' and/or funders' ability to rapidly review proposals to identify potential confl icts or concerns, and (4) review of proposals by an independent panel administered by the Wellcome Trust.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include (1) platform development, web maintenance, and portal enhancements; (2) review of research proposals by three parties, which can take up to 90 days; (3) and payments to independent review panel members and other experts on a per review basis. formation, and since 2017, it has required that data be submitted in a format that adheres to the Clinical Data Interchange Standards Consortium (CDISC) standards [46, 47] . Through Policy 0070, uniform data preparation and documentation will also soon be required for any medical product trial submitted to the EMA. The policy currently requires publication of clinical study reports but will include IPD at a later date [21] . Similarly, as noted in the case examples, data must be uniformly indexed or cataloged so that they can be located when requests are received. For BioLINCC, it took between 85 and 350 hours to prepare IPD and supporting materials for each individual study, depending on data complexity and documentation quality [32] . Given the costs and eff ort associated with data sharing, there is a need to deploy educational eff orts that encourage researchers to use robust clinical trial designs and develop clear and usable metadata and documentation as part of trial conduct, and provide guidance on developing data-sharing eff orts in collaboration with stakeholders.
There is also a need to improve the effi ciency of IPD preparation, incentivize publication, and support the costs of data curation.
IPD Sharing Opportunities and Obstacles
Based on our review of data repositories, as well as fi ndings from NAM's Clinical Eff ectiveness Research Innovation Collaborative and our individual experiences, we have identifi ed fi ve opportunities for addressing the critical obstacles to sharing IPD from clinical trials (see Box 7) . In this section, we describe specifi c tasks for key stakeholders-including research teams, secondary data users, journal editors, research funders, data repository owners, institutional review boards, and others-to consider in order to take full advantage of the opportunities aff orded by sharing clinical trial data. Similar discussions are occurring around data generated through longitudinal studies; routine health care delivery and health delivery system data warehouses; and patient-reported outcomes [48, 49, 50, 51] .
Box 5 | Case Example 5: Project Data Sphere (PDS)
Description: An online data platform launched in 2014, PDS uses an open access system to help researchers share, integrate, and analyze de-identifi ed patient-level comparator arm data from 148 industry and academic Phase 3 cancer clinical trials.
Governance structure: PDS is operated and funded by the CEO Roundtable on Cancer's Life Sciences Consortium. The project is administered by a group of fi ve offi cers, with additional ethical and scientifi c input from the executive committee, which includes nonprofi t and industry members. Applicants must complete a user application form, agree to terms, and submit a brief summary of their background and initial research goals. All data in the platform are made available on an individual basis upon acceptance. All registered users must enter into an online services user agreement with PDS. Each data provider must also enter into a data-sharing agreement with PDS for each dataset provided.
Factors facilitating sharing:
Factors include (1) use of a single application that provides access to all datasets; (2) use of an open access model with no applicant review panel; (3) data access typically within seven days of registration; and (4) researchers' ability to access and use data via a user-friendly SAS portal and, in some cases, download data onto their machines.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include (1) platform development, web maintenance, and portal enhancements; (2) potential intellectual property and competitive risks for data providers as a result of the open access model; and (3) the requirement that data providers de-identify and upload data.
Impact:
The platform has over 1,700 users and has facilitated more than 9,200 data downloads. It includes 148 research studies, representing over 100,000 patients. Since May 2015, there have been 11 peer-reviewed publications based on PDS data. While there are unique considerations associated with all of these data resources, there are also several commonalities, many of which are refl ected in the following discussion.
Improve Incentives for Data Sharing for Primary Researchers and Research Institutions, Including Academic Credit for the Generation of Rich Data Sources That Are Shared and Used
In most research fi elds, researchers are incentivized to maintain IPD ownership and not share with the wider scientifi c community, to maximize publication and other traditionally valued academic opportunities. To incentivize sharing within and among academic institutions, it may be necessary to develop a system of academic credit for trialists who generate and share data that acknowledges the eff ort required to conduct clinical trials and organize, clean, and store IPD; and that provides meaningful credit and other incentives for making that data available to others. Academic institutions should reward, celebrate, and highlight investigators who share, particularly those whose work leads to downstream contributions.
One of several recent suggestions is that publications identify the source and location of the datasets used as the basis of the manuscript-linking the researchers who make substantial contributions to data acquisition, quality control, creation and authoring of metadata, and curation-to assist in providing academic credit for these eff orts [52, 53] . The appropriate mechanism for making such attributions is a topic requiring continued discussion given the potentially large number of individuals involved in producing and curating health data [53] . Additionally, research journals should consider requesting specifi cation of the data source as a citable reference to ensure that the researchers who collected the data and the data stewards receive credit in resulting publications and repositories should pro-
Box 6 | Case Example 6: Project Genomics Evidence Neoplasia Information Exchange (GENIE)
Description: Project GENIE of the American Association for Cancer Research (AACR) is a registry that aims to accelerate precision oncology by combining clinical cancer genomic data with clinical outcomes from cancer patients from eight academic institutions. The project intends to inform standards for aggregating, harmonizing, and sharing clinical sequencing data collected in routine medical practice.
Governance structure: AACR provides the funding, infrastructure, and governance to administer GENIE. GENIE is supported by AACR, Genentech, and Boehringer Ingelheim. GENIE uses a federated model in which all data reside at the participating institution and are made available as needed. Each participating institution signs a master participation agreement and a data use agreement. To access the data, users must create an account and agree to the terms of access. GENIE is governed by a steering committee, which includes representatives from each participating institution and members of AACR's leadership. The steering committee reports to an external advisory board and the AACR board.
Factors facilitating sharing:
Factors include (1) no requirements for research proposals from public investigators; (2) the ability of the online platform to harmonize clinical genomic and patient-level data; (3) users' ability to access the data via an online analytics platform, cBioPortal, or download it directly via Sage Bionetworks; and (4) the use of a federated model that allows data to be stored locally and made available to others only after a defi ned period of institutional exclusivity.
Factors aff ecting costs and timeliness:
Resource-intensive aspects of this initiative include (1) the requirement that participating institutions agree to provide a minimum of 500 records with specifi c requested clinical data elements and participate in ongoing meetings, and (2) the development and maintenance of the data synthesis and analysis platform.
Impact: GENIE's fi rst set of cancer genomic data was made available in January 2017 and updated in January 2018. The registry includes data for over 60 major cancer types. The combined data includes 39,000 de-identifi ed records. At least one article has been published demonstrating GENIE's utility. vide citations for each data set included, following the example set by Dryad.
SOURCE:
Research funders should also consider strategies to promote IPD sharing. For example, funders could require IPD sharing prospectively in appropriate requests for proposals, providing clear instructions regarding data-sharing expectations; providing repositories and an integrated process, such as the one used by BioLINCC (see Box 3) ; and, as previously mentioned, including additional infrastructure support to help cover the costs of sharing, which include organizing and managing data for reuse, governance, and oversight.
An additional concern is that even after fulfi lling sponsor agreements and other regulatory requirements for data sharing, without appropriate incentives for all of the parties involved, data could be shared without appropriate metadata or other needed context and resources. Further discussion is needed on developing a clearer understanding of jurisdiction, ownership, and responsibility for shared data and metadata (see topic fi ve below). This exploration of the various forces that could help facilitate the process of IPD sharing and consideration of potential action items may promote necessary change in culture and practices in clinical research.
Create General Rules to Address Patient Consent and Privacy Issues, Anticipating Future Secondary Analyses and Sharing of Primary Clinical Trial Data.
To minimize the risk and maximize the benefi t of data sharing, primary research teams, institutional review boards, the federal offi ces of human research protection (the US Department of Health and Human Services Offi ce for Human Research Protections, the US Department of Veterans Aff airs Offi ce of Research Oversight, and the US Department of Defense Human Research Protection Offi ce), and associated institutions should work to address patient consent and privacy issues to anticipate future secondary analyses and sharing of primary clinical trial data. To achieve this, a general framework should be developed to determine whether consent for secondary data use is needed from participants at the beginning of a new study, how to communicate that data collected will be shared, how to exclude or contact individuals who do not want their data shared without explicit consent, how to ensure data are suffi ciently de-identifi ed for new analyses, and how to streamline the development and use of appropriate data-use agreements. Ohmann et al. suggest several practices for attaining consent for secondary use of data, including off ering a lay explanation of the potential benefi ts and harms of data sharing; how the data will be prepared, stored, and accessed; and the practical diffi culty of trial participants withdrawing their consent [9] .
In addition, where possible, data intended to be shared should be prepared with de-identifi cation in mind. Both PLoS and ICMJE data policy indicate that investigators should share de-identifi ed data underlying their published clinical trials results [19, 54] . Additional guidance regarding novel and standardized strategies to de-identify data should be broadly disseminated. In particular, there is a need for a conceptual framework and terminology describing potential causes and consequences of re-identifi cation and potential types of identifi ers and their risk of re-identifi cation.
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Members of the public and study participants should be engaged in the development of such a framework. The potential risks of re-identifi cation, which may increase if de-identifi ed IPD are combined with existing public information, include violation of patient privacy and medical identity theft, and may disproportionately aff ect minorities [15] . Repositories such as the YODA Project (see Box 1) include language in their data use agreements that explicitly forbids activities that may cause re-identifi cation.
Consider the Operational Expenses Associated with Data Repositories and Develop a Framework to Identify the Stakeholders and Resources Necessary to Cover Those Operational Costs
According to Wilhelm, Oster, and Shoulson: "The investigators who lead the Alzheimer's Disease Neuroimaging Initiative have estimated that across the lifetime of the nearly $130 million project, 10% to 15% of the total costs will have been dedicated to data-sharing activities and that investigators will have spent about 15% of their time on data-sharing tasks, such as uploading data or responding to queries from outside researchers" [55] . While this example is illustrative, it is important to recognize that costs can vary substantially based on several factors, including the model used for data sharing and access, availability of technical assistance, the extensiveness of procedures for reviewing data requests, and the need and intensity for legal review of DUAs. If IPD sharing is to be more widely adopted, the associated costs should be better understood by investigators, their institutions, repositories, and 5 Data-sharing models are strategies for granting access to patient data and materials in order to address current clinical research challenges. Open access models are "characterized by the absence of any review panel or decision maker." Controlled access models are characterized by "some form of control by either the donor (i.e., patient), the data provider (i.e., initial organization), or an independent party." Gatekeeper models are a type of controlled model where "access to data is not at the data providers' discretion but may be granted by a distinct entity," often an institutional review board. Gatekeeper models can either be centralized or federated. With a centralized approach, data are collected and housed as part of a repository, whereas with a federated approach, the data are stored by the data providers but information about those data is made available through a web-based search system. research funding organizations, and such costs should be potentially included as part of the research process. There are also recurring costs associated with data curation and data repositories that need a reliable funding stream. For example, to ensure that appropriate personnel are available to review reanalysis requests, it is necessary to have suffi cient funds to support staff time after the normal conclusion of a study. These costs may also be borne by repositories such as CSDR (see Box 4), which relies on independent external reviewers, and PDS (see Box 5) , which allows data sponsors to conduct an additional review of risks related to intellectual property and competitive advantage. Additionally, data repositories require considerable resources to provide governance, such as the development of common data request forms and processes. A list of potential data-sharing tasks that may require funding, based on costs highlighted by case examples, is provided in Box 8. While it may be possible for primary researchers and repository owners to write some of these additional costs into funding requests, another possibility might be for funding agencies to consider separate funding streams for IPD sharing, since many funders may have an interest in extending the impact of their grantmaking by making data from funded studies easier to share. Funders could also consider developing mechanisms that support secondary research projects conducted either by the original research team or by other investigators. Ohmann et al. suggest avoiding access fees to data where possible, but they note that in some cases, "the costs of preparing data for sharing may need to be met by the secondary users" [9] . While promoting access by avoiding user fees may be possible in some situations, data repositories should be able to develop their own business models based on their needs and existing support. Existing secondary research using administrative claims data, such as Medicare and Truven Health MarketScan data, may off er useful contracting models and data-use agreements. To achieve widespread sharing of IPD, it is necessary to establish a framework and standards for data documentation, organization, and storage, for processes related to coding and analysis, and for ensuring appropriate personnel are available to review reanalysis requests and expedite decision making. Collected data should use standardized formats that facilitate use by secondary research teams and merge data from multiple trials and sponsors where possible. In the absence of such standards, primary investigators and others may be burdened by having to develop post hoc informatics tools to transform data in order to facilitate use [53] . For example, although the CDISC is widely used by industry because the data it contains follow formats required by the FDA and EMA, it is not used by the NIH and its funded researchers, which do not have such format requirements.
Develop a Conceptual Framework to Specify

Box 7 | Five Opportunities for Addressing Major Obstacles to Individual Patient-Level
Data Sharing from Clinical Trials 1. Improve incentives for data sharing for primary researchers and research institutions, including academic credit for the generation of rich data sources that are shared and used. 2. Create general rules to address patient consent and privacy issues, anticipating future secondary analyses and sharing of primary clinical trial data. 3. Consider the operational expenses associated with data repositories and develop a framework to identify the stakeholders and resources necessary to cover those operational costs. 4. Develop a conceptual framework to specify what clinical trial data and associated metadata should be shared, organized, and stored, including whether stored data should be raw or derived. 5. Develop guidelines for how data repositories can promote meaningful data sharing, and for how to select an appropriate repository platform.
SOURCE: Developed by authors.
In addition to data standardization, it is necessary for trialists to share key metadata, including protocols, data dictionaries, statistical analysis plans, and template case report forms. To facilitate more consistent metadata across repositories, Canham and Ohmann propose a schema for metadata that captures, "(a) study identifi cation data, including links to clinical trial registries; (b) data object characteristics and identifi ers; and (c) data covering location, ownership and access to the data object." [568 In addition, repositories such as the YODA Project (see Box 1) require sponsors to prepare metadata and other documentation for external sharing to allow for subgroup analyses and other uses. With respect to clinical trial protocols, several of the repositories described in the case examples, such as PDS (see Box 4), include study protocols in their data query system, while others-such as the YODA Project (see Box 1) and CSDR (see Box 3)-provide access to protocols upon approval of data requests. Ohmann et al. provide suggestions on how to develop consistent citable identifi ers for repositories, protocols, and datasets [9] . One potential action item for improving metadata is building on existing literature to develop standards or guidelines for investigators to facilitate defi ning derived variables, provide the rationales for defi ning such derived variables, and describe the expected responsibilities of secondary research teams aiming to perform replication or subgroup studies [57. Similar guidance has been developed for secondary analyses of administrative and health care data and may be used as a model [58, 59] .
Develop Guidelines For How Data Repositories Can Promote Meaningful Data Sharing, and for How to Select an Appropriate Repository Platform
Repository platforms provide data holders with the ability to share their data in a systematic and accessible way. As described in Table 1 , data repositories rely on a range of data access models, review criteria and bodies, data-use agreements, and data-sharing and analysis platforms. Decisions regarding these factors should be made based on their alignment with the type and scale of data being stored. For example, GENIE relies on cBioPortal, an open source platform that is uniquely engineered to support analyses and visualizations of cancer genomics data. Additionally, repository owners should provide appropriate data security for data transfer and analysis systems and overall governance, such as the development of common data request forms and processes. Instructions on how to use repositories' analysis environments should be made available to researchers. Repositories should engage in discussion and planning to determine how data repositories should interoperate to reduce the potential problems associated with having diff erent datasets available in Box 8 | Potential Data-Sharing Tasks That May Require Funding 1. Coordinating and reviewing vendor activities (if outsourced), which could include removing personal identifi ers from individual patient-level data, reviewing the protocol and statistical analysis plan, removing commercial confi dential information from case report forms, and checking consent forms for data-sharing restrictions 2. Redacting historical clinical documents, which is relevant for sponsors sharing clinical trials prior to committing to data sharing 3. De-identifying and/or anonymizing data and documents, removing or recoding identifying variables or excluded cases, and investigating low-frequency cases 4. Translating data into the standardized format of the repository 5. Information hosting for clinical trial data and associated metadata 6. Managing and tracking data-sharing requests 7. Assisting investigators with data questions and related issues 8. Convening an independent review panel and relevant administration and infrastructure (e.g., request intake portal, request processing, metrics, etc.; will vary depending on datasharing model) 9. Implementing and updating a secure data platform for hosting participant-level data and supporting documents SOURCE: Developed by authors.
varied data-sharing platforms and repositories with diff erent requirements.
Conclusion
Sharing of IPD from clinical trials and, eventually, widespread sharing of routinely generated electronic health information is necessary for realizing the vision of a continuously learning health system. The obstacles and opportunities described in this paper are meant to contextualize actionable steps that should be taken by key stakeholders to engage in IPD sharing. We realize that these obstacles and opportunities will continuously evolve with the increase of IPD sharing initiatives and new lessons learned. In that vein, we would encourage pilot testing, future research, and collaboration on other topics that ultimately eff ect a culture of data sharing, as there remains a pressing need to generate highquality evidence to support all that is done in clinical medicine. Although major work has been completed to actualize the vision of IPD sharing, there are still important action steps, identifi ed in this paper, that must be addressed. Ultimately, driven by a desire for high-quality science that enables new discoveries and dedicated individuals and institutions-and through continued engagement with the National Academy of Medicine, among other entities-we want to encourage individual investigators, regulators, scientists, and industry to continue to work to improve IPD sharing capabilities, with the belief that partnership and collaboration off ers opportunity to advance science. We would also like to encourage federal and nonfederal funders to consider approaches for making funds available to support key data-sharing tasks, as outlined in Box 8. We hope that the action steps presented here will add to this eff ort and will reinforce the importance of robust clinical trial design and conduct.
